Abstract: Aqueous rechargeable NiÀZn battery with high capacity, low cost, and reliable safety has stimulated extensive interests for their promising applications in electric vehicles and portable electronics. The electrochemical properties of electrodes mostly determine the performances of the whole batteries. Currently, the capacities of the most developed cathodes are still far away from that of commercial Zn anode (820 mAh g À1 ), which is the major barrier for further boosting the energy density of NiÀZn battery. In recent years, various Ni based materials like a-Ni(OH) 2 , b-Ni(OH) 2 , NiO and NiCo 2 O 4 have attracted considerable attention and been widely explored as cathode materials for NiÀZn batteries. However, the poor conductivity and unsatisfactory cyclic stability of Nibased materials severely limit their implementation as robust cathodes for NiÀZn batteries with high energy density and durability. To address these issues, substantial efforts have been made and great processes have been achieved. Herein, we highlight recent advances on rationally structural and componential design of Ni based electrodes for NiÀZn batteries. The relationships between structures and performances as well as the mechanisms are also discussed. Finally, we present perspectives on the research of next-generation electrodes with high electrochemical performances.
Introduction
With the growing demand of new generation portable electronics, the corresponding development of electrochemical energy systems (EES) is in high demand. The technology of high performance EES has achieved exalting progress in recent years including lithium ion batteries, [1] [2] [3] lithiumÀsulfur batteries, [4, 5] dual ion batteries [6] [7] [8] and zinc-based batteries, [9, 10] some issues still remain far from satisfactory. Promising EES with high efficiency, safety, environmentally friendliness and low cost are urgently required. Among these power sources, lithium ion batteries were deemed as one kind of potential candidate because of their high output voltage and high energy densities. [11, 12] However, lithium ion batteries are still insufficient for various applications because of the safety problems such as short circuit due to Li dendrite formation and side reactions of LiPF 6 and organic carbonates under overcharge or high-temperature. High costs and harsh using conditions also put limits to further applications.
As an emerging alternative candidate, zinc-based batteries are widely studied since they exhibit their unique merits [13] [14] [15] of high theoretical capacity (820 mA h g À1 ), good rate performance, low cost and intrinsically good safety in terms of nonflammable electrolyte. [16] [17] [18] [19] Compared with traditional Li-ion batteries, zinc-based batteries always achieve better rate performance and works in safe aqueous electrolyte. [16, 20] Many different types of advanced zinc-based batteries have been reported, such as ZnÀAgO, [21] ZnÀHgO, [22] ZnÀair, [23, 24] ZnÀMnO 2 [25, 26] and NiÀZn batteries. [27] [28] [29] It is obvious that zincbased batteries are playing a more and more important role in electric vehicles, smart grids and other advanced applications. Of various types of zinc-based batteries, nickel-zinc batteries (NZBs) play a significant role in applicative EES such as digital cameras, portable lighting apparatus and cellular phones, because of their unique advantages like high output voltage and splendid power density. [30] The construction of the NZB is shown in Figure 1 including a Ni-based cathode, a Zn-based anode and alkaline electrolyte. In addition to the most commonly applied aqueous NZBs, flexible quasi-solid-state NZBs are also developing rapidly in recent years to keep pace with the ever-growing pursuit of wearable electronics. NZBs show a high output potential of about 1.75 V compared to other aqueous batteries (~1.2-1.5 V), owing to the standard electrode potential of 0.49 V (Nickel (II) hydroxides transform into nickel (III) oxyhydroxides vs. SHE). [13] This high discharge platform makes it possible for NZBs to be next-generation highenergy-dense EES for next generation, according to the following equations (where E is the energy density, C cell-s is the specific capacity and DV (V) is the discharge voltage platform).
However, the Ni-based cathodes are severely limiting the further advances of NZBs, due to the capacity of the cathode is far less than that of zinc-based anode. High performance Nibased cathodes should be put forward for better capacitive matching of cathodes and anodes.
On the other hand, the unsatisfactory cyclic stability of NZBs is also a significant problem, which mainly results from the degradation of Ni-based cathodes as well as the selfcorrosion, dendrite formation and reduced contact with electrolyte of Zn-based anodes during charge/discharge cycles in alkaline electrolyte. Fortunately, various stable zinc anodes without obvious degradation or dendrite formation during charge-discharge cycles have been reported. For example, Yang and his co-authors employed a novel ZnO@Ag@Polypyrrole nano-hybrid composite as anode for NiÀZn secondary cell and retained 86.2% of initial capacity after 300 cycles, while cell with bare ZnO anode had a poor capacity retention of only 32.1% after 150 cycles. [19] They also synthesized ZnÀAl layered double oxides via hydrothermal method, and the Zn-based anode was able to achieve high capacity retention of 96% after 1000 cycles. [31] Recently, F. Parker et al. designed a nickel-3D zinc battery based on 3D sponge Zn anode, which effectively solved the formation of Zn-dendrite. This ultrastable battery can work normally after 54000 cycles. [28] In contrast, the degradation of Ni-based cathode has been the main restriction to the further development of NiÀZn batteries. Therefore, the breakthrough of stable and high-performance Ni-based cathodes is urgently needed.
Owing to the importance of Ni-based cathode in NZBs, we emphatically discuss the current situations and the development strategies of Ni-based electrode nanomaterials in this review. Several Ni-based nanostructures focused on highperformance cathodes have been introduced. Different composition and electrochemical performance of Ni-based nanomaterials, including nickel hydroxide, nickel oxide, Ni-based multiple complex oxide and nickel sulfide are also discussed in detail. Drawbacks of Ni-based electrode materials like poor cycling stability and low capacity and various corresponding strategies are also exhibited in the review. Finally, current challenges and prospective opportunities in the construction of more consummate Ni-based electrodes are brought forward to provide more ideas and suggestions for developing NZBs with higher performances and application capabilities.
Nickel Hydroxide-Based Cathode
Nickel hydroxide (Ni(OH) 2 ) is a typical 2D lamellar material which has been the most commonly used cathode material for NiÀZn battery on account of its high proton diffusion coefficient, high energy, low cost, low toxicity and potential applications in rechargeable batteries. [32] [33] [34] The redox reaction of the Ni(OH) 2 2 is a hydrotalcite-like compound, which is composed of Ni(OH) 2-x layers with positive-charge and intercalated anions to maintain the charge neutrality. As for b-Ni(OH) 2 , it has a wellordered brucite-like framework without any intercalated molecules. [35] To date, NiÀZn batteries always use sintered Ni(OH) 2 as cathode conventionally, which is verified to be b-Ni(OH) 2 since it is a more stable phase with a theoretical capacity of 289 mA h g
À1
. In early 21st century, Zincfive [36] started devoting themselves to make this system commercialized. Because of the good electrochemical stability and high tap density (2.1-2.2 g cm À3 ) in alkaline electrolyte of the b-Ni(OH) 2 , it has been widely used as a counter electrode during the research of zinc anodes. For example, Cao and his co-authors fabricated a NiÀZn battery with a sintered b-phase microparticles Ni(OH) 2 cathode, which shows nearly no capacity decay after 300 cycles. [37] Similarly, Huang et al. employed the sintered b-phase Ni(OH) 2 microparticles as cathode to achieve a long cycle life NiÀZn battery with the retention closely 100% after 1000 cycles. [27] However, the large particle size of the sintered bphase Ni(OH) 2 brings about the low capacity, which is unsatisfactory. Therefore, certain researches were made to optimize the synthesis to acquire nanosized b-Ni(OH) 2 , which nanosized b-Ni(OH) 2 has more uniform distribution/dispersion on collector, a higher surface area and better thermal stability. M. F. Mousavi and co-authors [38] compound micro and nanoparticles of b-Ni(OH) 2 respectively to verify the advantages of the nanosized b-Ni(OH) 2 . It can be delivered from Figure 2a and 2b that the particle size of the nano-particles is much smaller than the micro ones. The electrochemical impedance spectroscopy (EIS) measurements carried out in Figure 2c indicates that the values of constant phase element capacitance of nanoparticles are higher than micro-particles, which is possibly due to the larger efficient active surface area of the nano-sized Ni(OH) 2 . Moreover, the nano-sized Ni(OH) 2 also exhibts a lower resistance to charge-transfer and efficient proton diffusion, which can account for the electrochemistry performance between two materials. As shown in Figure 2d , nano-sized Ni(OH) 2 reveals an upper capacity about 270 mA h g À1 , while the micro one is only 241 mA h g
. However, b-Ni(OH) 2 will easily transform into g-NiOOH when the battery is overcharged. During the process, the positive electrode absorbs electrolyte, which results in a swelling of the volume and the collapse of original morphology and structure. Moreover, the transfer of the electrolyte will make the separator dry-out, further leads to the internal resistance of the battery rises with cycling. [39] With the interesting interlayer structure and high mass specific capacity, a-Ni(OH) 2 generally shows superior electrochemical performance than b-Ni(OH) 2 , which has become one of the highly desirable candidates for NZBs. Numerous efforts have been made to prepare the a-Ni(OH) 2 nanostructures, and several methods including precipitation, [40] electrochemical impregnation, [41] and hydrothermal method [32, 38, 42] have been reported. Jeevanandam et al. utilized ultrasonic radiation in a urea system to get nanosized a-Ni(OH) 2 . [43] Other alkalescent precipitators like ammonia and Ca(OH) 2 can also achieve the same goal. For instance, a-Ni(OH) 2 nanoribbons was prepared by hydrothermal method by Yang et al using a system adding Ca(OH) 2 . [44] The composition of sandwich-like a-Ni(OH) 2 can be embodied by the chemical formula as follows:
or OCN À . [42] While compared with b-Ni(OH) 2 , the a-Ni(OH) 2 indicates a few unique advantages. The a-Ni(OH) 2 can transform to g-NiOOH at a lower potential than the corresponding oxidation of b-Ni(OH) 2 to b-NiOOH ( Figure 3) . Moreover, the oxidation state of nickel in g-NiOOH can even reach + 3.66, [45] but the number of electrons transferred during the oxygenization from b-Ni(OH) 2 into b-NiOOH is limited in one. Therefore, a-Ni(OH) 2 has a larger theoretical capacity (433 mA h g À1 ) than the b-Ni(OH) 2 . However, a-Ni(OH) 2 is not a thermodynamical stable phase, and it is not only hard to synthesize because this phase converts rapidly to b-phase during preparation or working a few cycles in alkaline condition, [46, 47] but also easily 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 change into g-NiO 2 irreversible, which extremely restricted its wide application in NiÀZn battery.
To enhance the cycling stability of a-Ni(OH) 2 cathode, plenty of studies have been carried out and significant advances have been gained. A representative method is to partially substitute nickel ion in the lattice of Ni(OH) 2 . [40] Owing to the layer structure of the a-Ni(OH) 2 , the stability is attributed to the strong electrostatic and chemical interaction between opposite charged layers in the structure. Different kind and the number of the anions inserted within the layers also play important roles in electrochemical properties of a-Ni(OH) 2 . The doping ions in the a-Ni(OH) 2 are able to influence the physical and chemical properties of the layer, and thus tuning the electrochemical behavior. For instance, the interslab distance of the aNi(OH) 2 varies depending on the amount and size of the inserted anions. While the doping element is Al, the interslab distance increases. It is owing to the [Ni 1-x Al x (OH) 2 ] x + will increase with increasing Al content. Thus, the interslab region needs more anions to compensate for the excess of positive charge from the addition of Al 3 +
. As a matter of fact, the increase of Al doping content in a-Ni(OH) 2 results in an increase in the spacing of the (001) plane. This increase is capable of enlarging the unit cell volume and lowering the tap density. The quantity of the inserted anions like NO 3 À also increases, which can improve the capacity and the stability of the aNi(OH) 2 . [54, 55] For citing, Zhao et al. successfully prepared pure aNi(OH) 2 nanosphere and Al doping a-Ni(OH) 2 nanobulk with 14.8% molar percentages of Al respectively via a homogeneous precipitation in urea solution. The resulting Al doping a-Ni(OH) 2 nanobulk was able to exhibit a splendid capacity about 389 mA h g À1 , while the a-Ni(OH) 2 nanosphere only had a capacity about 270 mA h g À1 . [47] However, the tap density will decrease as the Al doping content increases too much. [39] It is able to be certified by Hu and his co-authors' experiment. When the Al doping content of their a-Ni(OH) 2 nanoparticles increased from 10% to 20% and 30%, it was found that the capacity of the electrode minished from 320 mA h g À1 to 300
and 284 mA h g À1 . That's why a high Al substitution will not be beneficial for reaching a high energy density.
Other than elements with a higher valence like Al 3 + , elements with the same valence are also generally used as dopants.. Among those + 2 valence elements, Co 2 + is one of the most effective dopant on account of its stabilizing ability. Co doping can suppress the oxidation of bivalent nickel to higher oxidation state by inhibiting the formation of g-NiO 2 . Subsequently, the doping of Co can dramatically improve the durability of the electrode. [56] Recently, Xu et al. reported a rechargeable NiÀZn battery with a Co-doped a-Ni(OH) 2 (CNH) (Figure 4a) . [57] The CNH nanostructures were electrochemically deposited on 3D nickel nanowire arrays. Figure 4b indicates that the capacity had increase about 27% after Co doping. It is owing to the redox reactions derived from Co(OH) 2 . Additionally, the conclusion they gained by life curve that Co doping also in favor of stabilizing a-Ni(OH) 2 , this is consistent with the observation from previous reports. Through electrochemical measurement, the CNH electrode successfully achieved a high capacity of 346 mA h g À1 with only 10% capacity loss over 5000 cycles, while the pure a-Ni(OH) 2 has only 62.1% of capacity retention (Figure 4c) . Therefore, the introduction of Co doping into the amorphous a-Ni(OH) 2 is an effective way to improve not only the cycling stability but also the electric capacity of the electrode. In comparison to single ion doping, the two and more metal ions co-doped a-Ni(OH) 2 has proven to show superior electrochemical porperty because of their collaborative effect. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 Gong et al. reported an interesting NiAlCo-layered double hydroxide/CNT based on Al-doping a-Ni(OH) 2 as cathode for ultrafast and high-capacity NiÀZn battery. [56] They successfully synthesized Al and Co co-doped a-Ni(OH) 2 nanoplates on the top of oxidized few-walled carbon nanotubes (NiAlCo LDH/ CNT). The CNTs were attached to NiAlCo LDH/CNT hybrid contained small oval-shaped thin nanoplates ( Figure 5a ). As is shown in Figure 5b , Al doping can decrease the peak-to-peak separation between the reduction and oxidation peaks, and increase the area of the CV curves, suggesting higher capacity than undoped samples. The influence of elemental doping was also studied. Galvanostatic discharging cruves in Figure 5c indicates that NiAlCo LDH/CNT showed a higher discharge platform and a larger capacity than a-Ni(OH) 2 /CNT. Figure 5d revealed the capacity of undoped a-Ni(OH) 2 /CNT decayed over 70% after 2000 cycles. The capacity decay decreased to~50% and~6% respectively with Al doping and AlÀCo co-doping. These results indicated that the stability of NiAlCo LDH could be attributed to the synergistic effect of Al and Co co-doping. While Al doping can increase the electrochemical surface area by reducing the nanoplate size, Co doping can inhibit the excessive oxidation of Ni 2 + . Based on this co-doped cathode, the as-fabricated NiÀZn battery achieved high rate capability and capacity (184 mA h g À1 at 3.5 A g À1 and 138 mA h g À1 at 35.5 A g À1 ) as well as a splendid stability (90% capacity retention after 600 cycles). With the potential of high energy and power density, low cost and high safety, an ultrafast NiÀZn battery could be a promising battery technology for a variety of energy storage applications. [58] [59] [60] However, their insufficient ionic and electronic conductivities as well as poor stability in terms of the large volume change and structural collapse during cycling are the main barriers for their widespread use in NiÀZn battery.
Nickel Oxide-Based Cathode
In order to figure out these issues, two effective strategies including morphological design and componential modulation have been developed in recent years. It is well known that the bulk mateiral usually shows very poor electrochemical performance because of the limited exposed active sites as a result of the small surface area and slow reaction kinetics owing to ultralong transfer paths of ion/electron. In contrary, the nanostructured materials not only exhibit shorter diffusion lengths for ions and transport pathway for electron, but also afford higher accessible surface area for redox reaction. [58] Therefore, it is necessary to make scientific and efficient morphological design of the NiO electrode. To this end, a large number of NiO nanoarchitectures, like nanoshafts, [61] nanoflakes, [58] nanowalls [60] and nanoparticles [59] have been prepared and intensively studied as cathode in NiÀZn battery. For instance, A kind of aligned, single-crystalline NiO nanoflake arrays directly on copper substrates via a modified hydrothermal way and subsequent post-annealing was reported by Wu, et al. [58] They successfully prepared NiO nanoflakes include mesopores, which could furnish efficient ion transport with sufficient flexibility for volume expansion. From Figure 6a , itis obvious that the NiO 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 nanoflakes are adjacently aligned. Transmission electron microscope (TEM) image in Figure 6b indicates the porous material and the pores distributed in a wide size range. These pores probably originated from the rapid release of water molecules during the annealing process (Ni(OH) 2 to NiO). A wide pore size distribution of 4-100 nm is obtained in Figure 6c , in consistent with the SEM and TEM images. The preponderance of the morphology regulating is finally instantiated in the EIS results. (Figure 6d ) The mesopore-NiO has a smaller charge transfer resistance and a fast ion diffusion rate.
Componential modulation is also an important strategy to improve the electrochemistry properties of the NiO. Designing composite nanoelectrodes with desirable component is demonstrated to be a promising approach to effectively improve the conductivity, capacity and durability of the NiO cathode. Carbon materials such as active carbon, [62] CNTs [31] and graphene [63] are ideal scaffolds for constructing composite electrodes owing to their outstanding conductivity, ultralarge surface area, excellent electrochemical stability, and high compatibility. When combining the nanostructured Ni-based electrodes with conductive carbon nanomaterials, both power density and energy density of NiÀZn batteries can be improved greatly. Carbon materials with high electrical conductivity and outstanding chemical stability can dramatically improve the poor conductivity of NiO. For instance, Wang et al. developed a long lifespan Zn-NiO battery with NiO@CNT as cathode. (Figure 7a) . [31] The NiO nanosheets anchored to CNTs are clearly indicated by TEM image in Figure 7b . This morphology of NiOCNTs exhibits a topping stable even after 4000 cycles. The capacity of the Zn-NiO battery could attain 155 mA h g À1 at 1 Ag À1 , and the calculated energy density will be 228 W h k g À1 at the same current density, which is indicated by Figure 7c . This value is comparable with those of lithium ion batteries. When the current density increased to 3 A g À1 , it still has a capacity retention of 52.9%. Furthermore, cycling stability data in Figure 7d shows that the battery with NiO@CNT cathode supports a satisfactory reversibility with only 35% decay after 500 cycles, while the decay of the battery which using cathode without CNTs is 60%. Furthermore, Liu et al. utilized N-doped carbon fiber (CF) by carbonization electrodeposit PPy as internal materials covering with porous ultrathin NiO nanoflakes to construct a binder-free CF@NiO electrode (Figure 8a ). [20] Figure 8b depicts the TEM images of typical CF@NiO, from which porous NiO nanoflakes can be observed. While the electrochemical performance is studied in an electrolyte of 6 M KOH, it can be observed that two redox peaks representing the reaction between Ni 2 + and NiOOH associated with OH À . The CF@NiO electrode delivers a high areal capacity of 0.35 mA h cm À2 (265 mA h g À1 ) at 5 mA cm À2 , and a capacity retention of 63.2% when the current density is increased 12 times, demonstrating an outstanding rate performance. Moreover, it is interesting that the cycling ability of CF@NiO was startling, even 92.4% of the initial capacity can be preserved after 6000 cycles. They assembled a CF@NiO-CF@ZnO quasisolid-state battery based on this kind of CF@NiO material and achieving a high energy density of 323.3 Wh kg À1 and a stability of 2400 cycles with slow capacity decrease. (Figure 8c) The shape of the CV curve is almost not change after 2400 cycles, which delivers a good reversibility. This excellent performance could attribute to the synergistic effect between metallic oxide and carbon, which can provide abundant electrode/electrolyte contact interfaces and fast electrochemical kinetics. Structure designing like CF@NiO is an inspiring instance for the combination of morphology regulating and nonmetal-combining tactics. In addition to composite the NiO nanostructures with Cbased materials, building NiO-metal compound constructions is likewise a resultful idea to achieve the componential modu- lation, especially fabricating NiÀNiO heterostructured materials. NiÀNiO heterostructure can contribute to enhanced conductivity, fast ion diffusion rate, and high electrolyte penetration. [59, 64] As we know, one of the largest holdback of the NiO to become a splendid cathode material for NiÀZn batteries is its inferior poor conductivity. To solve this problem, a mass of attempt has been done with the purpose of importing metal nickel into NiO to augment the electroconductibility. Ni metal can improve not only electrical conductivity compared with conventional disordered metal oxide, but also be beneficial to promote the kinetics during cycling as well as maintain structure stability of NiO materials. In this regard, several approaches have been widely used to prepare NiÀNiO heterostructured materials, mainly including hydrothermal treating [65, 66] and galvanostatic electrodeposition. [67] Using an in-situ way to prepare NiÀNiO heterostructure is also developed these years. Using in-situ way can greatly improve the contact area between Ni and NiO, which stand for a lower interface resistance and a higher chemical reactivity. To give an instance, NiÀNiO heterostructured nanosheets were prepared by Zeng et al. through an insitu reduction method with oxalic acid as reducing agent for nickel oxide precursor, performing a high electroactivity and a terrific stability. [30] As the TEM image shown, both the NiO and the elemental Ni appeared, and metallic Ni particles are evenly distributed in NiO. This special morphology with large contact area between Ni and NiO among with heterostructure can achieve brilliant electric conductivity, certainly the charge transfer resistance (Rct) is much smaller than simplex NiO. However, metallic Ni cannot provide effective capacity during the redox reaction, so there should exist a balance between capacity and conductivity. As shown in Figure 9b , NiÀNiO-3 (the mass of the oxalic acid is 0.3 g) revealed an optimal electrochemical performance with a remarkable capacity of 5.78 mA h cm À3 at a high current density of 3.7 A g À1 . The influence about cycling performance after the introduction of metallic Ni is obvious. The NiÀNiO-3 electrode indicated an impressive cycling performance with 98.9% capacity retention after 10000 cycles, whereas the NiO electrode retains only 87.5%. As a demonstration, a flexible quasi-solid-state fibershaped NiÀNiOÀZn battery had been assembled. Zn fiber anode was twined tightly by NiÀNiO fiber cathode. Figure 9c showed that the as-fabricated fiber shaped NiÀNiO//Zn battery possesses a high voltage of 1.9 V, as well as its discharge plateau is around 1.7-1.8 V. A satisfactory capacity of 116.1 mA h cm À3 was calculated at 3.7 A g À1 . While the current density rises tenfold, it still had a rate capability of 38.4%, which indicates the preeminent electroconductibility of the NiÀNiO materials. Moreover, it's worth noting that the battery reached a cycling stability about 10000 cycles with 0.4% decay of capacity. In addition, the fiber shaped battery is tested under various bending conditions. While the bending angles increased like Figure 9d , the discharge profiles remained almost unchanged, indicating the high flexibility and the reliability of the fibershaped battery for being a potential EES in the minitype and portable electrical appliances. On account of the one of the best cycling performance reported so far for NiÀZn batteries, heterostructured NiÀNiO materials give us a new avenue to solve the life problem. Combining NiO with other metal oxides also can significantly enhance its energy storage capability by increasing theoretical capacity and efficient active cites. For example, Sun's group prepared hierarchical Co 3 O 4 @NiO nanostrip@na-norod arrays as cathode for NiÀZn batteries. [80] (Figure 10a ) Firstly, they used a two-step way to grow Co(OH) 2 nanowires to form a well aligned array-like structure. After a secondary hydrothermal treatment and a final annealing, Ni-based precursor nanorods were prepared and turned into the production. The Co 3 O 4 nanostrip arrays were coverd by the NiO nanorods uniformly and vertically, which is revealed by Figure 10b and 10c . This hierarchical structure provides several advantages including a large contact surface area, a short ion diffusion path and good charge transport, validated by the NZB based on their Co 3 O 4 @NiO nanostrip@nanorod arrays, which showing a high areal capacity (2.91 mAh cm À2 ), outstanding rate capability (61% retain of the capacity at 10 times higher current density) and splendid cycling performance (10% capacity decay after 500 cycles). (Figure 10d and 10e) Moreover, this NiÀZn battery delivered a peak energy density of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 5.12 mW h cm À2 . In general, the appropriate using of scaffolds to provide fast electron transport and ion diffusion and active material with high electrochemical active surface area will lead to improved virtual capacity and cycling stability.
Other Ni Compounds-Based Cathode
In addition to Ni(OH) 2 and NiO, other Ni-based compounds such as NiCo 2 O 4 and Ni 2 S 3 have been also explored as cathode materials for aqueous NiÀZn battery, and some exciting achievements have been reached. In this part, we will briefly introduce recent advances on these Ni-based cathodes.
NiCo 2 O 4 -Based Cathode
Ternary nickel cobaltite (NiCo 2 O 4 ) has much better electrical conductivity (two orders of magnitude higher) and higher electrochemical activity compared with the monometallic nickel or cobalt oxides. [68, 69] In addition, it owns other merits of low cost, abundant resources and environmental friendliness. Inspired by these remarkable advantages, various NiCo 2 O 4 -based nanostructures have been well studied as robust electrodes for supercapacitors and Li-ion batteries. However, the investigation of NiCo 2 O 4 as cathode in NiÀZn battery is rarely reported. Until recently, Lu and his co-workers reported a new kind of three-dimensional (3D) self-supported porous NiCo 2 O 4 nanosheets as high-performance cathode for flexible aqueous NiÀZn battery. [81] (Figure 11a ) The 3D porous NiCo 2 O 4 nanosheets were directly prepared on carbon cloth by a facile modified hydrothermal growth and subsequent calcination process. This binder-free 3D porous architecture not only offers high surface area and plentiful active sites, but also facilitates electron transport and ion diffusion, and thus greatly improving the redox kinetics of the electrode. Meanwhile, the employment of free-standing high-crystalline Zn nanosheets to replace conventional Zn foil as anode can provide higher reaction activity and less dendrite formation. When using this 3D Figure 11c ) was achieved by this battery. Two devices connected in series were able to power a neon sign consisting of 45 light-emitting diodes (LEDs), shown in Figure 11d , revealing its feasibility as promising flexible energy storage device. The reactions of NiCo 2 O 4 and Zn nanosheet electrodes and cells are described as follows: Anode :
Cathode :
Full cell reaction :
Nickel Sulfide
Over the years, nanostructured metal chalcogenides have become new stars for electronic, optical and electrochemical applications due to their distinct physical and chemical properties. [70] [71] [72] [73] P. Justin and his team provided that the metal sulfide can equally undergo redox transition like metal oxides and metal hydroxides homologous to the valence states of the metal ion. [74] Among the metal sulfide, nickel sulfide because of its high capacity and highly reversible electrochemical process, is extensively applied in Li-ion batteries, Na-ion batteries and supercapacitors. Above all, Ni 3 S 2 has a higher electronic conductivity of 5.5 10 4 S cm À1 at normal temperature than that of oxide counterpart, which is able to proceed fast charge transfer. [75] Moreover, Ni 3 (Figure 12a) The reaction of cathode could be described as following:
And the reaction of anode is same as Ni(OH) 2 -Zn batteries. In electrolyte of 1 M KOH and 20 mM Zn(ac) 2 , this Ni 3 S 2 -Zn battery delivered a high capacity of 125 mA h g À1 after 100
cycles with no obvious capacity decrease. (Figure 12b ) They also exhibit a possibility of other transition metal sulfides to exploit alkaline Zn-based batteries.
Summary
In light of the unique advantages like outstanding power density, high discharge voltage platform and environmental friendliness, NiÀZn batteries have been extensively explored and have great potential of application in wide fields. Nowadays, people mostly employing nickel hydroxide and nickel oxide to be active cathode materials in the battery. However, the limits of the Ni-based electrodes are weak stability and unsatisfactory conductivity. To solve this issue, there are kinds of ways such as compounding suitable phase and structure of the materials, designing heterostructured as well as hierarchical nanomaterials, combining with carbon or other transition metal oxides and so on. In this review, we summarize the recent progress about conventional and new type of Ni-based nanostructures including nickel hydroxide, nickel oxide and other Ni compounds (like multiple Ni oxide and nickel sulfide) and the way to stabilize them together with improving their electrochemistry properties. Significantly, processed a-Ni(OH) 2 will play a significant role in future NiÀZn batteries on account of its high theoretical capacity. Although stability is a serious problem, using heteroatomic doping like Al, Co and Mn and constructing scientific 3D structures are both able to make this imagine come true. Beyond that, Ni oxide nanomaterials with conductivity-improved can also be a type of promising cathode. Over the years, some other Ni compounds like multiple oxide and sulfide come in to our eyes because of their particular advantages, which will provide more choices to develop new generation of NiÀZn batteries with more established synthetic technology, higher capacity and longer cycle life. Ni-based compounds have gained much attention as cathode materials for zinc secondary batteries because of their moderate price, abundant reserves and high theoretical energy density. Although the progress of Ni-based compounds has been achieved on conductivity, stability and electrochemical properties in recent studies, there are certain technology problems to prevent commercialization yet. In the final analysis, crystal form transformation and volume expansion are somewhat harder to resolve. To some extent. we can use the means in Li-ion and LiÀS batteries to settle the volume expansion such as Si anode for reference. [76] [77] [78] [79] For instance, designing multilevel "dumpling" like nanostructures, synthesizing one-dimensional well-organized nanoarray and building 3D conductive framework system are all enlightening meanings to gain ideal Nibased cathodes. Using conductive electroactive polymers like PEDOT and PANI as a "cloth" of electrode to improve the electrochemical performance is also a developable method. In general, scientific design of Ni-based electrode in terms of nanostructure, reaction chemistry, shape control based on theory gist, is required to further advance the employment of Ni-based cathode. By addressing all these issues, the progress in Ni-based electrode is foreseen to exist great role in nextgeneration zinc secondary batteries.
